The paper presents a new additive manufacturing process for the production of high quality metal parts and is termed as composite metal foil manufacturing (CMFM). It is a blend of laminated object manufacturing (LOM) and soldering/brazing strategies. A calculated model of a machine in view of the new process has been outlined and its parts accepted for usefulness either by experimentation or recreations. The product development has two stages -the principles of LOM for cutting and stacking of foils and brazing for joining. The process consists of a fibre laser to cut the metal foils, a paste dispenser for depositing the paste, a roller to make the paste of layer between the foils smooth, two thickness sensors to measure the thickness of the part being built and two heated plates to apply heat to the part. In this paper, results of investigations on the sub-processes; laser cutting, final joining and transient thermal analysis are shown.
Introduction
In the year 1991, Helisys, based in US commercialised the manufacturing technology termed as laminated object manufacturing (LOM). The raw material was cheap copier paper coated with thermally activated adhesive on one side that was then cut into the desired shape using a CO2 laser. The sheets of paper were stacked on top of each other and then joined by a heated roller that melts a plastic coating on the bottom side of the paper to create the bond. The entire process was automated but it created considerable smoke and localised flame during operation, therefore, a chimney was often built into the system. Even though the operation is quick and the raw material is cheap, the technology did not fare well over the years as a solution to additive manufacturing problems owing to the limitations related to detail and accuracy (Feygin et al., 1998; Dietrich et al., 2011; Bernard et al., 2009 ). Since paper parts were hardly used as functional products, other material laminates were introduced to work with LOM including ceramics, plastics and metals (Yi et al., 2004) . The produced parts showed a comparatively higher accuracy but stair-stepping on the edges remained a significant problem.
A few processes made their way into the paradigm of using metal sheets namely Metal Foil LOM, fully dense freeform fabrication (FDFF) and ultrasonic consolidation (UC). The first two are quite similar to paper based LOM and makes use of metal foils instead of paper sheets. Metal Foil LOM performs the cutting and stacking in a numerically controlled manner whereas the final joining is realised by a thermally activated process in a high temperature furnace. This process remained only in the research phase because of several disadvantages and was used for the production of functional tools like moulds. The metal sheets has to be of a particular stiffness for contour generation (more than 0.5 mm) otherwise the LOM parts suffer from a significant staircase effect (Prechtl et al., 2004 (Prechtl et al., , 2005 . The surface quality of the final parts is also not very good and post-processing operations such as milling or shot peening are required. On the other hand, FDFF makes use of induction heating to braze metal foils together but this process also needs to be optimised in terms of its operational parameters such as heating time, filler weight and sheet thickness Asiabanpour and Hayasi, 2013) . UC is a well-researched additive manufacturing technology based on the sequential solid-state ultrasonic welding of metal foils. The process uses a base plate upon which metal foils are stacked. A sonotrode is then used to bond the foils together by providing pressure and ultrasonic oscillations. Like any other AM methods, the process is repeated until the required height is achieved. Metal foils were left in place to provide support and stability to the structure. A computer numerical control (CNC) mill is used afterwards to remove the extra material and achieve the desired geometrical features. If needed, another finishing mill is used to create the required tolerance and surface finish. After these operations, the finished part is removed from the anvil Kong and Soar, 2005; Ram et al., 2006) . UC is therefore a hybrid of additive and subtractive manufacturing just like paper LOM. This process has a number of notable challenges, including optimisation of the control parameters (amplitude, weld speed and contact pressure), porosity and inter-laminar porosity. These factors could result in abridged mechanical functionality of the final products Yang et al., 2009; Janaki Ram et al., 2007) .
These are serious issues and need to be addressed, therefore, this paper presents a novel additive manufacturing process that has reduced the limitations related to metal AM methods. The proposed process is termed as composite metal foil manufacturing (CMFM) and is a blend of LOM and soldering/brazing strategies as shown in Figure 1 . It uses metal foils as raw material which makes it a cost-effective process as compared to metal powders that are used by commercial metal AM methods such as Direct Metal Laser Sintering and Electron Beam Melting. The operations of cutting and stacking are performed based on the LOM process and a special brazing paste is used for joining the metal foils. The paste contains 80% zinc and 20% aluminium by weight with the melting point ranging between 410-470°C. The novelty of CMFM stems from the integration of LOM with soldering/brazing to design a process that is truly 'additive' in nature for the manufacture of metal as well as composite parts without the use of additional equipment. The process of CMFM has been outlined in our previous research with experimental test results for copper and aluminium foils (Butt et al., 2014 (Butt et al., , 2015a . The main components of the process are fibre laser, paste dispenser, roller, thickness sensors and heated plates. The process flow is shown in Figure 2 . This paper aims to discuss these components and some results of investigations on the sub-processes using numerical and experimental approaches.
Methodology
CMFM has shown good results and has manufactured aluminium, copper and aluminium/copper products with better mechanical properties compared to traditional machining operations (Butt et al., 2016b (Butt et al., , 2016c . The effectiveness of the process depends largely on its individual components their capabilities to carry out the designated tasks. The process consists of a fibre laser to cut the metal foils, a paste dispenser for depositing paste according to the geometry, a roller that makes the paste of layer between the foils smooth, two thickness sensors to measure the thickness of the part being built and two heated plates to apply heat to the part. The paper will discuss these components and their role for the production of a single lap joint (Figure 3 ), made out of Aluminium 1050 foils of 0.1mm thickness with a H14 ½ hard temper. Section 3 will discuss transient thermal analysis and experimental results of the fibre laser for cutting of aluminium foils. Section 4 will show the paste flow in the body of the dispenser through computational fluid dynamics (CFD) followed by actual deposition of the paste on the aluminium foils. Section 5 and 6 will detail the working principles employed for using the roller (to make the layer of paste smooth between foil layers) and thickness measurement sensors. Section 7 will present a transient thermal 3D model that can be used to produce parts for future as it gives an operation window as to how long a part should be heated.
The operation window will then be utilised to produce the single lap joint of Aluminium 1050 foils. As a testament of the capabilities of CMFM, some examples of functional parts made by the process are shown in Section 8. Source: Butt et al. (2016a) 
Fibre laser
The laser works on receiving information about the outline profile of the part and then it starts to cut the metal foil. In general, fibre lasers and pulsed neodymium-doped yttrium aluminium garnet (Nd: YAG) lasers are the two solid state laser options used most for fine cutting of the type of thin material. The fibre laser offers some key advantages over the pulsed Nd: YAG technology, including finer focused spot sizes enabling high resolution, higher repetition rates for faster cutting speeds, and a lower cost of ownership. For these reasons, it has become the laser technology of choice for thin metal precision cutting. That is why a 300 W fibre laser from MIYACHI is selected as it has the capability to cut metal sheets as thin as 50 µm. It also offers minimal thermal input and is a useful feature that would avoid overheating of small parts. The laser is highly focusable to about 15 µm that makes it one of the best in terms of precision and accuracy. It can be operated at various speeds depending upon the thickness of the sheet being used. The next section describes the heat transfer using transient thermal analysis of the moving laser on 150 mm by 150 mm metal sheet. 
Transient thermal analysis
Heat transfer in the laser cutting process has been modelled as transient and three dimensional (3D) with heat flow of 300 W and ambient temperature of 10°C. ANSYS 15.0 has been utilised to analyse the temperature distribution for the 0.1mm thin aluminium foil. The general mathematical model for transient temperature is written as:
where ρ:
Specific heat as a function of temperature (J kg
Thermal conductivity as a function of temperature (W m -1 K -1 )
).
The temperature distribution during the laser cutting operation is shown in Figure 4 . The fibre laser is highly efficient and the temperature distribution shows a maximum temperature of 759.06°C which is almost 15% higher than the melting temperature of aluminium (660.3°C). It shows that the laser is more than capable of cutting aluminium sheets even if it is working at 85% of its capacity (not including energy losses). The analysis is helpful in determining the suitability of the chosen laser otherwise another laser with a higher power would have to be used for the cutting operation (Mahrle and Beyer, 2009 ). In terms of energy comparison, EOS M290 is a powder bed machine and makes use of a 400 W Yb-fibre laser which is expensive and consumes more power. CMFM machine, on the other hand, is making use of a 300 W laser which gives the process an edge over the other competitors in terms of cost and powder usage.
Experimental results
The simulation was required to analyse the effect of the heat produced during the laser cutting operation. After establishing the capability of the laser to generate the heat required for sheet metal cutting, it was utilised to cut Aluminium 1050 foils that were 100 mm long and 25 mm wide as shown in Figure 5 . It was important for the laser to operate at a suitable speed so it would not create heat affected zones and offer minimum thermal input. Laser cutting is a non-contact, thermal process. When a laser beam is used, some of the heat is absorbed by the material and the rest is reflected. The absorbed energy is conducted into the material and is lost as heat through convection from the surface. The efficiency of laser energy absorbed by the material depends on a number of factors including temperature, thermal and optical properties of the material, wavelength and polarisation of the laser beam etc. The laser cutting is affected by its power, cutting speed, material thickness and material reflectivity (Kim, 2005; Nyon et al., 2012) . Experimentation revealed that for foils as thin as 0.1 mm, a speed of 30 mm/s was able to give good results as shown in Figure 6 . At 30 mm/s, it was easier to cut the metal foil without damaging it because of its thickness. Higher speed could result in areas not cut and lower speed could adversely affect the mechanical integrity of the foil which would be catastrophic for the final product. As the thickness of the foils increase, the speed can be increased as well but care should be given while operating with thin metal foils. 
Dispenser
As mentioned before, a very special brazing paste is being utilised to bond 0.1 mm thick Aluminium 1050 foils. Aluminium is one of the most popular and widely used material in the manufacturing industries due to its strength and low weight but bonding aluminium is a tough process, therefore, the use of a special brazing paste with a very high metal content and strong flux to remove the oxide layer on the surface of the metal. The dispenser is responsible for dispensing the brazing paste and it should be able to dispense the paste precisely. 710 applicator from Fusion Inc. is chosen for the job as it is a compact unit featuring adjustable time and pressure controls. The nozzle has a diameter of 3 mm and the precise dispensed amount of paste is calculated using CFD analysis in the next section.
CFD analysis of the dispenser
The paste in use has a density of 7200 kg/m 3 and a viscosity of 150 kg/m-s. These two properties are required for calculation of mass flow rate of the paste using CFD analysis. Mass flow rate will then be used to calculate the thickness of a continuous stripe on the metal sheet with the help of the following formula: 
The dispenser comes with recommended factory pressure settings for optimal performance. Those settings were put to the test by the CFD analysis. The gun pressure is at 45 psi and the paste pressure is at 22.5 psi (half of the gun pressure) as shown in Figure 7 . Point 1 is where the paste pressure has been applied, point 2 is the output flow (to be calculated by the analysis) and point 3 is where the gun pressure has been applied in the simulation. The residuals of the simulation are shown in Figure 8 . The residual is one of the most fundamental measures of an iterative solution's convergence, as it directly quantifies the error in the solution of the system of equations. In a CFD analysis, the residual measures the local imbalance of a conserved variable in each control volume.
In an iterative numerical solution, the residual will never be exactly zero. However, the lower the residual value is, the more numerically accurate the solution. The paste in use is a highly viscous non-Newtonian fluid meaning that its viscosity is dependent on shear rate or shear rate history. The paste is not stirred and the dispensing is done at room temperature. The parameters of interest include velocity and pressure as non-uniformity in any of these two will result in improper dispensing. Figure 9 shows the path lines for the velocity magnitude of the dispenser and Figure 10 shows the same for the nozzle. As is evident from these figures, the velocity is uniform and there are no abrupt changes throughout the body of the dispenser which makes the dispensing operation smooth and easy.
A uniform velocity ensures proper dispensing and a more in-depth analysis of the cross-section of the dispenser showed the same results as is evident from Figures 11 and 12. Pressure is also an important factor as it is something that is being given to the system. The values of 45 psi and 22.5 psi should not create disturbance in the fluid flow. If a large disturbance is observed then the pressures would have to be changed for optimisation. However, the pressure contours (Figures 13 and 14) do not show a drastic change in pressure but a small variation can be observed towards the bend of the nozzle which is expected. Figure 13 Pressure contours for dispenser (see online version for colours)
Figures 9-14 are to analyse the effects of pressure and velocity -two of the most important factors that can affect the flow of the paste. The point of carrying out the analysis is to understand the effect the applied pressure values will have on the flow of the paste. CFD analysis gives the mass flow rate in kg/s for the three areas shown in Figure 7 . For area 1, it is 0.0007909932, the value for area 2 is -0.0016624 (because it is the exit, therefore, the negative value) and for area 3, the value is 0.0008612468. The value at area 2 is to be used in equation (2) as the mass flow rate, width of the nozzle (exit) is 3 mm, speed is 30 mm/s and the density of the paste is 7.2 × 10 -6 kg/mm 3 . Upon calculation, the thickness of the paste coming out of the 3 mm nozzle is 2.6 mm.
By using the CFD analysis, the dispenser can be modelled for different pressure values, nozzle diameters and then using equation (2), the correct thickness of the paste to be dispensed can be calculated. 
Experimental results
After it has been established that 710 paste dispenser is fully capable of working according to the needs of the process, additional components for its connection to the main machine were sorted out. They included an Arduino Uno board and a single pole double throw (SPDT) relay. The 710 applicator has a 9 pin 'D' connector on the rear of the unit that allows the unit to be controlled by an external system, which in this case is a computer. Table 1 shows the pins of the applicator.
Pin 1 is the trigger signal which will cycle the applicator. This input is a TTL signal, low-true logic. Like everything else in the machine setup, the computer is controlling every aspect of the process. Arduino Uno is connected to the computer via USB cable and is being controlled by it. The relay receives its input from the Arduino being controlled by the computer. On receiving an input signal, the relay is turned ON and goes into NO position. This in turn makes the 710 applicator dispense paste. The dispensing will keep going until the previous signal is stopped or a new input is sent to stop the process of dispensing. Figure 15 shows the relay in NO position. The signal is coming from the computer through serial communication into the Arduino Uno board. Pin 2 of the board is a digital pin and is responsible for relaying the signal to the inverter or (NOT gate). When the signal from Pin 2 of the Arduino is low true logic (or 0V) then the NOT gate will invert it and low high logic (or 5 V) is given to the relay (Figure 16 ). The LED lights up showing that the relay is energised and the dispenser starts to dispense as long as the signal remains the same. The dispenser is connected to its own 220 VAC power supply. Pins 1 and 2 of the dispenser are connected to the NO and COM contacts of the relay. The Arduino is being powered by the 5V USB power and the operating voltage of the relay is also 5V which makes everything at the same voltage. Connecting the relay to Arduino's 5 V pin means that the both the trigger current and the current to drive the relay coil are being supplied by the Arduino board. From the datasheet for the relay, it is 420mA and Arduino is capable of supplying this current with ease.
Figure 15 Relay in NO position
The 710 applicator is shown in Figures 17 and 18 shows the thickness of the paste dispensed using it. The thickness from CFD analysis came out to be 2.6 mm whereas experiments show that the 3 mm diameter nozzle can dispense 2.9 mm thick layer of paste. The numerical and experimental results are in good agreement with each other. The thickness of the paste coming out of the nozzle largely depends on the pressure values and the diameter of the nozzle. This CFD analysis can be used for different values to observe the optimal flow for the paste. The results presented here only determine the effectiveness of the 710 applicator through numerical and experimental analyses. The roller plays a vital role in making the layer of paste uniform and this objective can only be achieved if the roller is capable of applying uniform pressure. For this reason, the nip pressure measurement system (NPMS) is selected because it is a complete nip pressure and force measurement tool that takes the guesswork out of adjusting rollers as shown in Figure 19 . These systems are generally used for pressure measurement and are capable of measuring small variations. Another reason for the use of nip system is that the metal sheets provided are not always of uniform thickness and such a system will help measure any uneven pressure distribution. The sensor is wireless, ultra-thin, durable, reusable and extremely portable which makes it a suitable option for this type of operation. It allows the user to set up a realistic pressure value that will give the required results. Experimentation have shown that a pressure value of 3MPa is appropriate to obtain 0.1 mm thickness of the brazing paste layer. Therefore, the sensor is used before the stacking operation commences to ensure that the pressure applied by the roller is 3MPa. It eliminates the trial and error approach involved in adjusting the correct pressure and increases the efficiency of the process. 
Thickness measurement
The foils have uniform thickness but since foils are produced by cold rolling, an inaccuracy in thickness cannot be avoided. Furthermore, to achieve high dimensional accuracy in the Z-direction, it is essential that the layer of paste be of a uniform thickness as well. As mentioned before, a roller is in operation that applies pressure to ensure a uniform thickness can be obtained. However, due to high temperature of the laser, viscous nature of the paste 1 ( ) t ∆ and inaccuracy in foil thickness; the difference to the ideal foil thickness is of 2 0.1 mm. t ∆ = ± As a consequence, the real height of the foil stack after N layers can differ by the relation given below:
To solve this issue, The Microtrak™ 3 TGS laser displacement sensors are utilised on either side of the build platform as shown in Figure 20 . They are non-contact and use the laser triangulation technology with a solid-state laser light source and a CMOS (complementary metal-oxide semiconductor) detector. A laser beam is projected on the target and based on the reflection onto the detector, the relative distance to the target is determined. These sensors have a sampling frequency of 40 kHz that makes a time period of 50 µs which makes feedback to the system very quick. There is also a LCD display that show both digital and analogue (bar representing value) readings. The system keeps track of the thickness reading and if required sends a command to add more foils to the previously calculated layer data to ensure accuracy in the Z-direction. The sensors in this case are offset to the thickness equal to that of the build platform because that reading is not part of the thickness of the product. The thickness of the build platform is known and once the two laser heads are focussed, the output is set to zero so that afterwards all subsequent measurements will be made relative to that known thickness. The single lap joint is 0.3 mm thick where the joint has been formed and the foils are 0.1 mm thick as measured by the system.
Heated plates
They join the paste-coated foils together by applying heat and pressure. Both plates can be used to apply heat but for parts with less thickness, often one plate is used for heating. There are two versions of the plates with different dimensions; 150 mm by 300 mm and 400 mm by 400 mm with a thickness of 20 mm. Depending on the type of part to be produced, the appropriate plates are switched on. Since a lap joint of width 25 mm and overall length of 187.5 mm is being produced, the smaller variation of the plates are being used for the current work. The stainless steel plates are fitted with FIREROD cartridge heaters from Watlow and can go up to a maximum of 550°C. The next section shows transient thermal analysis of the aluminium 1050 single lap joint which could be used as a reference model for future products as well.
Experimental results
One of the plates was set to a temperature of 470°C so that there would be enough time for the flux in the paste to remove the oxide layer. It is recommended that one plate should be used when dealing with foils/products that are very thin (up to 5 mm). Using both plates for thin products would result in overheating in a very short amount of time which would lead to pitting of the foils and render the product unfit for application. Three cartridge heaters are fitted inside each plate to ensure a uniform distribution of temperature throughout the entire length. In case of large surface area, the heat loss is unavoidable and the temperature at the surface of the plate is not the same as the set temperature. To analyse the difference in temperature and the effect this change would have on the foil, a thermocouple was utilised as shown in Figure 21 . As mentioned before, the operating temperature of the paste ranges between 410-470°C. It means that the paste is liquid in this range but the time required to remove the oxide layer depends largely on the surface area. The larger the area to be joined, the more time is needed. In the current case, the joining area is 12.5 mm in length and 25 mm in width.
The thermocouple was used to measure temperature of the plate for a total of 10 s as shown in Figure 22 . At the beginning, even though the display shows a temperature of 470°C, the thermocouple measured a value of 464°C, a difference of 6°C. The temperature increased from 464°C to 470°C in 10 s as shown in Table 2 . These readings also gave an operating window for producing single lap joints of aluminium 1050 foils of 0.1 mm thickness as 5-8 s. It can be seen that after 5 s, the lap joint is at 470°C but it cannot be allowed to stay at this temperature for long period of time. Heating for more than 8 s will result in pitting of the joint as shown in Figure 23 . These results are consistent with the work done in our previous research using a single lap joint of aluminium and copper (Butt et al., 2015b) . 
In equation (4) is the heat source.
In the current scenario, a composite of aluminium and brazing paste is being produced. The equation would have to be solved for each layer separately and then the boundary conditions could be applied. Thermal expansion of the two materials would also result in different set of conditions. The density and viscosity of the brazing paste would have to be incorporated as well. These parameters can be solved analytically but the thermal contact resistance between the layers is a big issue. When it is introduced then the analytical solution become significantly more complex. Numerical solutions can, however, be obtained in a relatively simple manner. For these reasons, simulation of the heat transfer process as transient and three dimensional is preferred which can be used as a reference model for future parts. As mentioned before, only one plate should be used for heating while working with thin parts, therefore in case of a single lap joint, one plate is set at a temperature of 470°C and the other is at room temperature. Figure 24 shows the temperature distribution of the transient thermal analysis. Figure 25 shows the temperature distribution for the lap joint. Using simulation, a heating process window can be established and is shown in Table 3 . Since the heat applied by the plate is initially set at 470°C, the software will stay at this value for the simulation but experimental results have shown that the heat provided is not the same all the time. The simulation helped in validating the experimental results as well as providing a tool in the form of a 3D model that could be utilised for future production of parts. The use of thermocouple allowed to compare the simulation and experimental results as shown in Figure 26 . It is clear that once the temperature distribution becomes uniform, both the simulation and experimental results point towards the same operation window of 5-8 s for the production of a single lap joint of aluminium 1050 foils with a thickness of 0.1 mm. 
Conclusions
The paper presents a comprehensive overview of a novel additive manufacturing process for the generation of modest and high quality metal/composite parts. The procedure, referred to as CMFM, is a blend of LOM and soldering/brazing strategies. It is a new addition to the ever growing list of AM methods for the manufacture of metal parts (Butt et al., 2017) . A calculated model of a machine in view of the new process has been outlined and its parts accepted for usefulness either by experimentation or numerical simulations. There is a good agreement between numerical and experimental results that demonstrate the effectiveness of the process and its components. The numerical analyses presented can be used for the production of parts in the future by modifying the input parameters. Changing the brazing paste will require an in-depth flow analysis so that it can be deposited consistently on the metal foils and the presented CFD analysis (Section 4.1) will help in such analysis. It is also important to note that the brazing time should be kept minimum when very thin foils are being used and if the thickness of the final product is less than 3 mm. As in such cases, there is an increased risk of overheating as shown in Section 7.1 which will result in pitting and adversely affect the mechanical integrity of the product. In addition to the single lap joint, two open-ended spanners have also been produced ( Figure 27 ) after optimising the process parameters. One of them is made from aluminium 1050 foils and the other is a composite of aluminium and copper foils. Both have a thickness of 7 mm and metal foils were used as supplied without any cleaning or pre-treatment. 
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